[1] Surface waters in upwelling regions are thought to be nutrient rich and hence inhibit nitrogen fixation (diazotrophy) because diazotrophs can preferentially assimilate nitrate and ammonia instead of expending energy to fix dinitrogen. We found average nitrogen fixation rates to be two to seven times higher in the surface waters of the upwelling region of the eastern equatorial Atlantic than typically measured here during non-upwelling periods. We posit that in this region, low nitrate-phosphate ratio waters are upwelled, and an initial bloom of non-diazotrophic phytoplankton removes recently upwelled nitrate. Thereby, diazotrophy is fuelled by residual phosphate and by a combination of aeolian and upwelled sources of iron. Annually, we estimate that approximately 47 Gmol of new nitrogen is introduced by diazotrophy in upwelled waters alone and 195 Gmol N is fixed in the equatorial Atlantic region. Our findings challenge the paradigm that the highest nitrogen fixation rates occur in oligotrophic gyres and instead provide evidence of its importance in upwelling regimes where phosphate-and iron-rich waters rich are upwelled.
Introduction
[2] The equatorial Atlantic Ocean is a region of high productivity due to seasonal upwelling that brings nutrients into the euphotic zone [Christian and Murtugudde, 2003] and for a few months of the year covers an area greater than 2 million square kilometers. Although satellite ocean color data show enhanced surface chlorophyll concentrations during the active upwelling period from late May to September, there are few measurements of primary production in this region during this season. Also, although there have been a handful of reports quantifying diazotrophs and their diversity and rates of nitrogen fixation in the equatorial Atlantic during the nonupwelling time [Fernández et al., 2010; Langlois et al., 2005; Montoya et al., 2007; Moore et al., 2009] , there is only one study published on diversity of diazotrophs during the active upwelling season [Foster et al., 2009] , and there are no rate measurements of diazotrophy during this period. Most of our knowledge on the latitudinal distributions of the nitrogen fixing cyanobacterium, especially Trichodesmium, in the equatorial Atlantic has been gained through meridional transects [Fernández et al., 2010; Moore et al., 2009; Tyrrell et al., 2003 ] just before (April-May) or after (October-November) the upwelling season. These studies noted the highest Trichodesmium abundance and rates of nitrogen fixation between 5 N and 15 N [Fernández et al., 2010; Moore et al., 2009] , with a slight southerly shift in Trichodesmium abundance in April. The decline or absence in nitrogen fixation south of 5 N has been attributed to the depletion of the limiting nutrient, iron, in the tropical South Atlantic, despite higher concentrations of a second limiting nutrient, phosphate, in this region [Moore et al., 2009] . However, these observations were made in November when there is no equatorial upwelling, and the intertropical convergence zone (ITCZ) is close to its northern most position. Others have used satellite-derived aerosol optical thickness to make an argument for considering the ITCZ as an "iron curtain" that inhibits the supply of Fe to the south of its location [Fernández et al., 2010] .
[3] The widely held understanding of the physiology of autotrophic diazotrophs predicts low abundance and rates of nitrogen fixation in the surface waters of upwelling regions because diazotrophs could preferentially assimilate available nitrate and ammonia instead of expending energy to fix dinitrogen [Knapp, 2012] , or they are outcompeted by other faster growing phytoplankton species. Hence, studies focused on nitrogen fixation normally do not target the equatorial band from 5 N to 6 S during the upwelling season due to the availability of nitrate, and it is considered to be out of the region receiving iron-rich dust from the Sahara [Moore et al., 2009] .
[4] The aim of this study was to determine the spatial extent and magnitude of diazotrophic activity in the equatorial Atlantic during an active upwelling period in May and June 2009. A set of four meridional transects-at 23 W, 10 W, 0 E, and 5 E-were occupied between 6 S and 4 N. Total and size fractionated rates of nitrogen fixation were determined, along with nutrients and community structure using phytopigments. We observed increased nitrogen fixation rates in the active upwelling region and suggest a mechanism involving species succession, atmospheric forcing, and nutrient stoichiometry to explain the presence of diazotrophs in this region. Finally, we estimate the contribution of the equatorial Atlantic to basin scale rates of nitrogen fixation.
Depth (CTD) casts between 0 and 3000 m. Seawater was poured directly from the Niskin bottle into a precleaned HDPE bottle, immediately capped, frozen at À20 C, and analyzed at the Oregon State University COAS Chemical Analysis Laboratory using standard colorimetric techniques. Samples for phytoplankton pigments were collected from five depths and measured at the Horn Point Analytical Services Laboratory [Van Heukelem and Thomas, 2001] . The in-water light field was measured using a free-falling Satlantic spectroradiometer. Time series of daily sea surface temperature (SST) data at the station locations was obtained from the NCDC 0.25 Degree Daily Optimal Interpolation product, version 2.0 [Reynolds et al., 2007] 
Nitrogen Fixation Rates
[6] Nitrogen fixation rates were measured in duplicate or triplicate at between one and six depths at pre-dawn stations only using methods outlined by Church et al. [2009] and Montoya et al. [1996] . Twenty-four-hour on-deck incubations were set up using 4.4 L precleaned polycarbonate bottles capped with silicon-septa bottle caps. Three milliliters of 15 N 2 labeled gas (99 atomic %; Isotech Laboratories, Inc.) was injected through the septa of each bottle, which were shaken and shaded with neutral filters from 98% to 1% light level. Bottle contents were filtered through a GF/F or prefiltered through a 10 mm polycarbonate filter. Filters were dried at 60 C for 24 h, and the 15 N content was determined at the University of Hawaii using a Carlo-Erba Elemental Analyser coupled to a Thermofinnigan DeltaS. Areal rates were calculated by trapezoidal integration for each station. At three stations (23, 39, and 95), there was inadequate vertical resolution to calculate areal integrated rates.
Station Classification and Station 21 and 23 Exceptions
[7] We used the criteria of a 2 C decrease in SST from the mean value for the months of April and May to classify stations as upwelling or nonupwelling at the time of sampling. This scheme was confirmed using a Ward Hierarchical Clustering technique on SST, sea surface salinity, and mixed layer depth (MLD) measured by the CTD (Supplementary Figure S1 ). MLD was defined as a 0.8 C change from the surface [Kara et al., 2000] . Our classification scheme identified 10 stations as upwelling stations (21, 23, 37, 39, 53, 58, 62, 65, 90, and 93) in the regions identified by Kadko and Johns [2011] as upwelling based on an isotope tracer technique. The six Gulf of Guinea stations (24, 25, 29, 71, 74, and 77) Figure S2) . Thus, stations 21 and 23 were not identified as upwelling stations by the change in SST, from the April to May mean value, but the cooling during the previous 40 days can clearly be seen as an anomaly from the multi-year mean for this period. Hence, we classified stations 21 and 23 as upwelling stations (Supplementary Figure S3) .
Calculation of Total Dinitrogen Fixed in the Equatorial Atlantic
[9] The total dinitrogen fixed for each month was estimated as the product of the average rate calculated for each region defined as upwelling, Gulf of Guinea, and equatorial Atlantic and the area appropriate for the month. Although the area of Gulf of Guinea is constant through the year, the area of upwelling, calculated from satellite-derived SST, varies; thus, the relative contribution of new nitrogen from fixation from the upwelling and equatorial Atlantic region changes for each month (see Supplementary Table S1 ).
Results

Regional Hydrography, Nutrients, and Chlorophyll
[10] Mean SST was only marginally cooler in the upwelling (25.87 C AE 0.44 C) and river (25.53 C AE 0.28 C) stations relative to the Gulf of Guinea (28.63 C AE 0.26 C) and nonupwelling equatorial Atlantic (27.51 C AE 0.49 C), reflecting the fact that upwelled waters rarely reach the surface (Table 1) . The MLD was twice as deep in the Gulf of Guinea and equatorial Atlantic (~40 m) compared with the upwelling and river stations (~20 m). Although the depth of the euphotic zone varied from 49 AE 9 m at the river stations to 83 AE 2 m in the Gulf of Guinea, the euphotic zone integrated chlorophyll a concentrations were similar across all regions (Table 1) .
[11] Phosphate was measureable in surface waters at all stations sampled, with concentrations twice as high Table 1 ).
[12] Nitrate was measurable in surface waters at 11 of 15 upwelling (0.20 AE 0.02 mM), at 4 of 15 Gulf of Guinea (0.21 AE 0.01 mM), and at 4 of 6 equatorial Atlantic (0.13 AE 0.01 mM) stations but was below the limits of detection (0.1 mM) in the river stations (Table 1) . Silicate was measurable in surface waters in all regions (Table 1) . The surface water nitrate-phosphate ratio was between 1 and 2 for all regions, whereas the depth averaged nitratephosphate ratio between 100 and 300 m was 13.6 AE 1.1, n = 156 (Supplementary Figure S4) . We estimated that upwelling stations along the 10 W transect (37-41), the 0 E transect (53-65), and the 5 E transect (86-93) were visited approximately 3, 8, and 18 days after the onset of upwelling, respectively (Figure 2a (Figure 1, Table 1 ).
[14] Although rates of nitrogen fixation were similar for the Gulf of Guinea (159 AE 24 mmol m À2 day
À1
) and the upwelling stations (Table 1) , the relative contribution of the < 10 mm size fraction to total nitrogen fixation was significantly higher in the upwelling (48 AE 10%) compared with the Gulf of Guinea stations (23 AE 5%) (p = 0.01, Table 1 ). The large range in nitrogen fixation rates in the upwelling stations was due to a west to east gradient that we attribute to "aging" of upwelled waters or days since the onset of upwelling (Figure 2b ). Maximum areal rates of nitrogen fixation, greater than 400 mmol m À2 day
, were observed at upwelling stations where the onset had occurred at least 15 days before sampling. MLDs were shallowest at these stations, which have been invoked to support enhanced diazotrophic activity (5, 18). Diazotrophs in the <10 mm size , left axis, blue symbols) measured at the upwelling stations plotted against the days since start of upwelling or "age" of upwelling, calculated from change in SST as shown in Figure 2a . Surface nitrate concentrations (mmol L
, red triangles and axis) were detectable (limit of detection = 0.1 mmol L
) for the same stations.
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fraction contributed 67% of the surface nitrogen fixation at 10 W but only 19% and 41% at the 0 E and 5 E stations, respectively, implying an increased contribution of larger diazotrophs to total nitrogen fixation in the east where the onset of upwelling had occurred earlier.
Community Structure
[15] The zonal gradient was also evident in the phytoplankton community composition. Concentrations of diagnostic pigments [Vidussi et al. 2001] indicative of prymnesiophytes (containing chlorophyll c and 19 0 -hexanoyloxyfucoxanthin) were higher at the 10 W stations (9.7 and 5.8 mg m
À2
, respectively) relative to 0 E (7.6 and 4.6 mg m
, respectively) or 5 E (5.5 and 2.7 mg m
, respectively) upwelling stations (Supplementary Figure S5) . Although pigments associated with cyanobacteria and prochlorophytes (zeaxanthin and chlorophyll b) dominated in surface waters at all stations (61% AE 4% to 74% AE 2% of total diagnostic pigments), the relative contribution by pigments associated with diatoms and dinoflagellates (peridinin and fucoxanthin) was significantly greater at the upwelling stations (11% AE 2%) than at the Gulf of Guinea or equatorial Atlantic stations (~7% AE 1%) (p = 0.04 for both).
Regional Rates of Nitrogen Fixation
[16] If we assume the 26 C isotherm to define the boundary of the cold tongue between May and September in the box bounded by 5 N and 6 S, 52. Table S1 ). These estimates are conservative in that recent studies [Mohr et al., 2010] suggest that 15 N 2 gas uptake techniques might underestimate nitrogen fixation rates. . The box indicates the area used to calculate the total nitrogen fixed (Supplementary Table S1 ). [Sohm et al., 2011] ). The mechanisms supplying phosphate and iron differ. The drawdown of nitrate by nondiazotrophs in upwelled waters (Figure 2b ) with a nitrate-phosphate ratio 16:1 leaves "excess" surface phosphate to fuel diazotrophy. The extent of the alleviation of phosphorus limitation is sensitive to the duration of upwelling or "age" of upwelled waters and requires a succession of phytoplankton species that are able to assimilate nitrate and phosphate at a ratio close to 16:1. Indeed, such a conceptual model has been described by Karl and Letelier [2008] . Also, there is good observational and modeled evidence that this region may not be iron limited during the upwelling period. As well as supplying phosphate, upwelling may supply iron. Shipboard measurements report iron concentrations in excess of 1.4 nM at 100 m (23) and up to 0.8 nM in surface waters during upwelling in this region (22). Luo et al. [2008] modeled the deposition of soluble iron (II) in the world's ocean, including both cloud and combustion processes, and found that biologically relevant deposition rates extend south of the ITCZ during the upwelling period (Figure 3) . The 0.05 ng m À2 s À1 contour from their model, corresponding to a deposition rate for soluble iron (II) of 77 nmol m À2 day
Discussion
À1
, extends to approximately 5 S through much of the upwelling period. If we assume that this supply is distributed over the mixed layer (25 m), this would provide 3.1 nmol soluble iron (II) per day.
[18] Perhaps it should be unsurprising to find diazotrophs and enhanced nitrogen fixation rates in regions of active upwelling. Model studies in the Atlantic Ocean show enhanced nitrogen fixation rates in the equatorial Atlantic [Monteiro et al. 2010; Hood et al., 2004] . In particular, Monteiro et al. [2010] predicted the highest nitrogen fixation rates to occur in equatorial Atlantic between May and September, the period of active upwelling, which may be attributed to a rapid response by unicellular diazotrophs to iron inputs [Benavides et al., 2013] . In addition, there is growing evidence from field observations and laboratory studies that nitrogen fixation continues, albeit at a reduced rate, during long-term exposure to relatively high concentrations of nitrate (>5 mM, [Fernandez et al., 2011; Knapp, 2012; Knapp et al., 2012; Sohm et al., 2011] ). Laboratory studies involving batch cultures of Trichodesmium and Crocosphaera, two common diazotrophs, under varying (but environmentally relevant) nitrate-to-phosphate ratios reveal that excess nitrate (relative to phosphate) reduces the rates of nitrogen fixation whereas excess phosphate (relative to nitrate) increases the number of cells (due to the physiological requirement of phosphorus for DNA), and not the per cell rates of nitrogen fixation, resulting in an overall increase in the volumetric rate of nitrogen fixation. Sohm et al. [2011] reported maximum nitrogen fixation rates of 7.5 nmol L À1 day À1 in surface waters of the Benguela upwelling region where nitrate concentrations were 21 mM. We found nitrogen fixation rates in excess of 5 nmol L À1 day À1 at several upwelling and Gulf of Guinea stations with maximal rates approaching 20 nmol L À1 day À1 at some upwelling stations, but surface nitrate concentrations did not exceed 0.3 mM. Thus, it is possible that the activity of diazotrophs is dependent on the local upwelling regime, and the magnitude of nitrogen fixation is time varying.
Summary
[19] The results presented adds to a growing body of evidence [Knapp, 2012; Knapp et al., 2012; Sohm et al., 2011] that not only challenges the paradigm that the highest nitrogen fixation rates occur in oligotrophic gyres but also our current understanding of carbon and nitrogen cycle dynamics in upwelling regions. We provide evidence that emphasizes its importance in upwelling regimes where low nitrate-phosphate waters are upwelled and there is significant atmospheric deposition of iron. Although observations presented here are focused on the tropical Atlantic, it is likely that other regions with similar upwelling regimes, such as in the Indian Ocean and marginal seas (e.g., South China Sea), support extensive diazotroph communities. However, field campaigns are required to further investigate the timescales of response between the onset of upwelling, succession of species and depletion of nutrients including iron, to fully understand the consequences to nitrogen and carbon cycle.
Supplementary Information Supplementary Figure and Table Legends
Supplementary Figure Supplementary Figure S4 . Average profiles of Temperature (°C), Salinity, Chlorophyll (mg m-3), and N:P stoichiometry (mol:mol) for the four station types: Atlantic (pink), Upwelling (black), Gulf of Guinea (blue) and Riverinfluenced (red). Note the shallower thermocline and chlorophyll maximum at the Upwelling stations.
Supplementary Figure S5 . Depth integrated concentrations of chlorophyll c and 19'-hexanoyloxyfucoxanthin, marker pigments for prymnesiophytes shown as a function of days since the upwelling started. Note the decrease in concentrations of these pigments with time supports the idea that prymnesiophytes were the first to respond to the injection of new nutrients at the onset of upwelling but this trend is not statistically significant (p < 0.05).
Supplementary Table S1 . Monthly estimates of the area of active upwelling and associated rates of nitrogen fixation for the region extending from 5°N-6°N, 12.5°E to 52.5°W in the tropical Atlantic.
Supplementary Table S1 . Monthly estimates of the area of active upwelling and associated rates of nitrogen fixation for the region extending from 5°N--6°N, 12.5°E to 52.5°W in the tropical Atlantic.
a The monthly area of upwelling is calculated as the area with SST lower than 26°C for the months May--September within the region 5°N--6°S, 12.5°E to 52.5°W.
b The area of the non--upwelling Equatorial Atlantic is calculated as the sum of the areas within 5°N--6°S, 52.5°W--18°W and 0°N--6°S, 18°W--12.5°E for the months without upwelling (Jan--Apr and Oct--Dec). During the upwelling months, the area of active upwelling is subtracted from this total area. The total nitrogen fixed is calculated by multiplying the area by the number of days in the month and the average fixation rate of 60 ± 20 µmol m --2 d --1 .
c The area of the Gulf of Guinea is calculated as the area within the region 5°N--0°N, 18°W--12.5°E. The total nitrogen fixed is calculated by multiplying the area by the number of days in the month and the average fixation rate of 159 ± 24 µmol m --2 d --1 . Total annual nitrogen fixed, Equatorial Atlantic (x 10 9 mol N)
